Introduction
Determining spatial links between areas used during different parts of a species' annual cycle is crucial to their conservation [1] [2] [3] . During migration, individuals from multiple populations may concentrate at specific stopover sites particularly in areas where suitable habitat is limited, presenting an opportunity to determine broad areas of potential origin [4] . Such information gained at stopovers or 'migration monitoring stations' can potentially be useful in assessing population trajectories for large regions currently inadequately monitored [e.g. boreal forest; 5, 6] and for focusing conservation measures.
Several methods have been used to estimate migratory connectivity or 'source' catchment areas for migratory birds including extrinsic (e.g. geolocators, GPS tags), intrinsic (e.g. isotope, genetics), morphometrics and band return data [reviewed in 7] . Particularly valuable towards this objective for species too small to carry external tracking devices have been developments in the use of intrinsic markers over the last decade. For example, the advent of high-resolution genetic analysis has revealed considerable spatial structure in breeding populations that can be used when assessing origins of individuals sampled during the non-breeding season [8] . This approach can correctly identify with high confidence the breeding origins of individuals when baseline population genetic structure is known [8] [9] [10] . Additionally, predictable patterns in the deuterium ( 2 H) isotope content in precipitation across continents (i.e. isoscapes) allow researchers to determine general areas of potential origin because tissue δ 2 H reflects values in the environment in which the tissue was grown [11] [12] [13] . Across North America, δ 2 H has strong latitudinal and altitudinal gradients but resolution is weaker longitudinally [11] making for ambiguity in assignments to origin in the absence of other information. By combining information from multiple sources, our ability to make inferences regarding origins of migratory birds can be made more precise [14] [15] [16] .
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Received July 7, 2018; accepted September 12, 2018 Abstract: Stopovers used by birds during migration concentrate individuals from broad geographic areas potentially providing important information on catchment areas of birds moving through these sites. We combined stable isotope (δ 2 H), genetic fingerprinting and band recovery data to delineate the molt origins of Wilson's Warblers (Cardellina pusilla) migrating through a stopover site in southwestern Canada in the fall. We assessed changes in δ 2 H f indicating latitudinal origins with ordinal date to show this species likely underwent leapfrog migration through this site. Using the combined approach to determine origins, Wilson's Warblers migrating through southwestern Alberta in 2015 were mostly from the western boreal population (n = 155, 96%) with some individuals from the Pacific Northwest (n = 1, 0.6%), Rocky Mountain (n = 2, 1.2%) and eastern boreal (n = 3, 1.8%) populations. Our results suggest that individuals migrating through our study site come from a broad catchment area potentially from a large part of northwestern North America. Future studies should link population changes at banding stations with other information to determine associations with large-scale landscape-level drivers (e.g. climate, land use).
Wilson's Warbler (Cardellina pusilla) breeds throughout northwestern North America, south to California and Montana and east throughout much of the boreal forest, and winters primarily in Central America. Migration patterns, morphology and genetics in this species have been relatively well studied with research indicating at least six well-segregated populations during both breeding and wintering periods [8, 16, 17] suggesting patterns of strong migratory connectivity. Of the six genetically distinct populations, the 'Alaska to Alberta' population [hereafter, western boreal; 8] spans the largest area including most of Alaska, Yukon, Northwest Territories, British Columbia, Alberta and the western half of Saskatchewan ( Figure  1 ). Wilson's Warblers from within the western boreal population are expected to use different migratory routes dependent on their breeding and wintering locations [16] .
For example, Wilson's Warblers breeding in the boreal forest east of the Canadian Rocky Mountain and Mackenzie Mountain ranges could be expected to migrate south on the east side of these mountain chains [8, 18] . On the other hand, birds breeding west of these mountains might migrate southward avoiding passage over mountain peaks although migration routes may vary depending on season [19] . Wilson's Warbler populations in the western part of its breeding range generally undergo a leapfrog migration pattern in the fall where individuals breeding farther north tend to initiate migration earlier than southern populations thus arriving at southern stopover sites first [20, 21] .
Use of a single approach or marker to determine migratory connectivity can lead to low-resolution results for broad-ranging species. For example, similarities in precipitation δ 2 H values in Alaska and the Canadian [8] . The hashed area represents the portion of the breeding range from which movement vectors represent 85% of band-recovery data from birds captured during migration from [18] . Population boundaries and movement vector data were used in the assignment to origin analyses (see Methods). Countours represent isotopic gradients in mean growing season precipitation δ 2 H [11] converted to equivelant δ 2 H f values for long-distance non-ground foraging birds [12] . Photo of adult male Wilson's Warbler during fall migration is inset (John Stead©).
Rocky Mountains can lead to ambiguous determination of origins particularly for wide-ranging species [22] [8] . A post-breeding northeastern movement to our study site would represent an unexpected migration pattern initially away from the wintering grounds for individuals from the Rocky Mountain population.
Our objectives were to: (1) assess which 'genetic populations' [8] migrated through our study site, (2) determine if birds underwent a leapfrog migration at this site, and (3) derive potential areas of origin of birds from using a probabilistic assignment of δ 2 H f , genetics and movement vector data information. To accomplish these objectives, we assessed population structure of sampled individuals using multiple methods from birds captured in the fall of 2015. Assignment to origin analyses for the 2015 sample thus included spatial masks to delimit the potential breeding (adult) or natal (juvenile) origins of birds migrating through our study area based on population ranges of individuals determined from genetic analysis [8] , movement vector data from band recoveries [14, 18] and δ 2 H f . We expected birds sampled at our study site to originate from the western boreal or Rocky Mountain populations with most individuals deriving from areas east of the Rocky Mountains. Similar to other studies [20, 21] , we hypothesized that birds arriving at our study site would exhibit a leapfrog pattern of migration with individuals from northern populations arriving before southern populations using δ 2 H f as a proxy for breeding latitude. This study acts as a template for increasing spatial resolution when assessing migratory connectivity by combining multiple types of data (e.g. δ 2 H f , genetics and other methods; [8, 23] ). It also augments the considerable amount of research conducted on the migration of Wilson's Warblers in the southwestern portion of this species' range to areas outside of that region.
Methods
Birds were captured at Inglewood Bird Sanctuary in Calgary, Alberta, Canada ( Individuals were identified to species, were aged, sexed and fit with a uniquely numbered USGS metal band. A single outer rectrix feather was sampled from each bird and placed in a paper envelope until analyses. Birds were released immediately after sampling. Feather samples were used for stable isotope analysis and the base of the rachis of each feather including the tip was clipped and subsequently stored in an envelope for genetic analysis. The study site is within the Prairie ecozone just east of the aspen parkland ecoregion and the foothills of the Rocky Mountains. Habitat mostly consists of native shrub and forb understory beneath an open riparian balsam poplar (Populus balsamifera) forest along the Bow River in the center of Calgary, a city of approximately 1.3 million people.
Stable Isotope Analysis
Feathers were cleaned of surface oils in a 2:1 chloroform:methanol solvent rinse and prepared for δ²Η analysis at the Stable Isotope Hydrology and Ecology Laboratory of Environment Canada in Saskatoon, Canada. Stable-hydrogen isotope analyses of feathers were conducted using the comparative equilibration method described by Wassenaar and Hobson (2003) through the use of three calibrated keratin hydrogen-isotope reference materials. Stable-hydrogen isotope measurements were performed on H 2 derived from high-temperature (1350°C) flash pyrolysis of 350 ± 10 µg feather subsamples using continuous-flow isotope-ratio mass spectrometry. All results are for nonexchangeable δ²H expressed in the typical delta notation, in units of per mil (‰), and normalized on the Vienna Standard Mean Ocean Water -Standard Light Antarctic Precipitation (VSMOW-SLAP) standard scale. Measurement of three keratin laboratory reference materials (CFS, CHS, BWB; corrected for linear instrumental drift) were both accurate and precise with typical mean δ²Η ± SD values of -147.4 ± 0.79 ‰ (n = 5), -187 ± 0.56 ‰ (n = 5) and -108 ± 0.33 ‰ (n = 5) per autorun, respectively. A control keratin reference yielded a 6-month SD of ± 3.3 ‰ (n = 76).
Genetic Analysis
The base of the rachis (calamus) of each feather sample collected in 2015 was used in the genetic analysis.
Samples were analyzed at the qb3 Genomics Sequencing Laboratory at the University of California, Los Angeles. We used a high-resolution genetic marker approach that sequences data in a single nucleotide polymorphism (SNP), DNA sequence variation. This method is useful for interpreting differences in the genetic structure of a single nucleotide between individuals or homologous chromosomes [8] . SNP-specific assays that target small fragments of sequence around the SNP loci of interest and can be advantageous in cases where the DNA is highly fragmented or available only in very small quantities [24] , such as in passerine feathers. Details of genetic analyses can be found in [8] .
Data Analysis
Using only the data from 2015 we first checked for differences in δ 2 H f among Wilson's Warbler populations defined by genetic analysis [8] using the Kruskal-Wallis test using only hatch year birds and then for all ages. We removed the only individual from the Pacific Northwest population for this analysis due to a lack of replicates. We then used this approach to assess differences in δ 2 H f between sexes and ages within only the western boreal population. A model with δ 2 H f as the response variable and ordinal date as the independent variable was analyzed to determine if populations underwent a leapfrog migration pattern. We conducted this analysis using the entire dataset (i.e. all years, individuals) as well as only birds caught in 2015 from the western boreal population. We used Hartigan's test to determine if abundance of birds differed from unimodality with ordinal date using the 'multimode' R statistical package [25] . From this analysis, we then assessed differences in δ 2 H f between these groups using the Kruskal-Wallis test to determine if earlier arriving birds had lower isotope values than later arriving birds indicating origins from more northern latitudes (i.e. leapfrog migration). Results of all tests were considered significant at p < 0.05.
Assignment to Origin
To delineate probable origins of Wilson's Warblers, we applied a spatially-explicit likelihood assignment method [26, 27] [12] . We incorporated the standard deviation of the residuals of the linear regression model (SD = 14.4 ‰) from the calibration as error into the assignments. We edited the digital breeding range of Wilson's Warbler [28] to reflect the geographic boundaries of genetically distinct breeding populations from [8; Figure 1 ]. Based on the results of the genetic analysis, we then split the isotope data from 2015 by breeding population to determine breeding or natal origins of individuals to the range of their population and separately to the western boreal portion of the species' breeding range. We further delimited all assignments to the western boreal population's breeding range using the movement vectors representing the upper 85% of the probability distribution for bird recaptures from the IBS banding station [18; Figure 1 ]. For a final assignment to origin depiction, we used all birds from 2004 and 2008 and only those from the western boreal population captured in 2015. We also assigned early and later individuals from the Kruskal-Wallis test in separate analyses to depict potential origins for those groups. We then scaled (0 to 1) the resulting rasters for early and late arriving birds and calculated the difference between each raster cell for a depiction of spatial overlap in probable origins.
We used a conservative odds ratio of 2:1 to assign individuals to potential natal origin where cells in the isoscape in the upper 67% of probabilities were considered as likely (1) origins and all others were considered unlikely [0;27]. Assignments conducted for feather samples resulted in a spatially explicit binary surface for each individual, which were then summed across assignments for all other individuals to represent potential origins for the entire sample and then for each 'population' based on their determined genetic population in separate analyses. We also ran the analyses using the breeding range of the assigned population including the western boreal population for Wilson's Warbler to depict potential origins. Manipulation of digital files, assignment to origin and other analyses were conducted using multiple packages including 'raster' 2.6-7 [29] , maptools 0.8-39 [30] and 'permute' 0.9-4 [31] 
Results

Genetic Analysis
The high-resolution genetic analysis indicated that the majority (96.3%) of birds migrating through our study site in 2015 were derived from the western boreal population group (n = 155). The genetic assessment for birds that were assigned to this group had a median probability of 100% (range: 96 -100%). The remaining birds were from the eastern boreal (n = 3), Pacific Northwest (n = 1) or the Rocky Mountain (n = 2) populations. The genetic analysis indicated that the eastern boreal population had a 100% probability for individuals assigned to this population. The individual from the Pacific Northwest population had a probability of 51% assignment accuracy with the next highest probability being for the western boreal population (49%). The two individuals from the Rocky Mountain population had probabilities of belonging to this group of 89% and 58% with probabilities of 11% and 42%, respectively, of being from the western boreal population. All Wilson's Warblers determined not from the western boreal population were juveniles.
Temporal δ 2 H Patterns
Using the complete dataset from 2015, the Kruskal-Wallis test assessing differences in δ Figure 3A ) suggesting a leapfrog migration pattern at our study site. This pattern was also evident when only individuals captured in 2015 from the western boreal population were analyzed (p < 0.001, r 2 = 0.18, β = 0.69 ± 0.12 SE). However, substantial variability in δ 2 H f with ordinal date indicates mixing of populations at the stopover from approximately day 15 (18 August) of sampling through to approximately day 42 (13 September). The two individuals identified as being from the Rocky Mountain population were captured within the first 12 days of sampling and the three individuals from the eastern boreal population were captured from ordinal day 12 to 34 ( Figure 3A) .
The test for modality in fall capture rates with ordinal date for birds from the western boreal population in 2015 indicated that the data were not unimodal (Dip statistic: 0.05, p = 0.01). A visual assessment of the kernel density of captures indicated that there were two modes in the data occurring at 20 August and 8 September (antimode = 26 August; Figure 3B ). The Kruskal-Wallis analysis testing for differences in δ 2 H f between individuals arriving earlier to our study site versus later arriving birds from the western boreal population in 2015 was significant (χ 2 = 16.70, p < 0.001). Similar to the linear model, birds that arrived earlier (before 27 August) had lower δ 2 H f values (x ̅ = -138.0 ± 17.7 ‰, n = 35) than those that arrived later (-123.6 ± 15.9 ‰, n = 120) indicating a leapfrog migration pattern where northern breeding birds arrived first to our study site.
Assignment to Origin
The probabilistic assignments to natal or breeding origin analyses indicated considerable spatial and temporal structure for Wilson's Warblers migrating through our study site in southwestern Canada. Feather δ 2 H of Wilson's Warblers from the western boreal population in 2015 was highly variable as reflected in the probabilistic assignments to origin which indicated that birds could potentially derive from across much of this population's range ( Figure 4A) . However, the highest number of individuals from the western boreal population likely originated from an area stretching from the Rocky Mountains west of our study site through central British Columbia west to the Queen Charlotte Islands and from central Alaska in a zone from the northwest to the south Figure 4C ). Based on the probabilistic assignment that included the Pacific Northwest and western boreal breeding range, this individual possibly originated from an area southwest of our study site in south-central British Columbia or possibly from western Alaska ( Figure 4D ). Assignments of two individuals to the Rocky Mountain population range indicated origins from areas south of our study site in western Montana ( Figure  4E ). However, assignments using the Rocky Mountain and western boreal portion of the species' range indicated probable areas of provenance from far northern British Columbia and Alberta to eastern and northern Northwest Territories and eastern Alaska ( Figure 4F ). The assignment of the three birds from the eastern boreal population of western vs. eastern boreal populations using genetics is ambiguous (see [8] ) and further study on the genetic variability at that intergrade will be useful. The individuals determined to be from the Pacific Northwest and Rocky Mountain populations had considerably lower genetic assignment probabilities suggesting they may be from 'hybrid zones' where individuals from different populations interbreed. Further, all birds not from the western boreal population were juveniles which were undertaking their first migration and thus their movements may not be as direct as adult birds; however, samples sizes from those populations and of juveniles vastly outweigh adults and conclusions about this pattern are speculative. Finally, the spatial population boundaries from [8] based on genetics may not be discrete and may be closer to our study site than indicated. were highly variable as reflected in the probabilistic assignments to origin which indicated that birds could potentially derive from across much of the western boreal range. The few birds purportedly from other populations based on the genetic analysis had isotopic values within the range of those for the western boreal population. Indeed, when assignments using δ 2 H f included the breeding range of the western boreal population, those individuals were more likely to originate from that area rather than the range of their 'genetic' population. This analysis suggests that our study site may be well-situated to capture individuals from a broad breeding catchment area that could potentially be used to monitor factors influencing populations originating particularly from the western boreal [8, 18] . Our study site is situated near the boundary between fescue grassland (dominated by agriculture) to the east and aspen parkland and Rocky Mountain foothills to the west and may provide ample habitat for Wilson's Warblers migrating from across a broad geographic area to their wintering grounds. Such a route along the foothills of the Rocky Mountains would allow birds to avoid areas of potentially unsuitable habitat (i.e. few stopovers) in the Great Plains or mountains that may have fewer resources and more unstable weather. However, other long-distance migratory bird species migrate via the Great Plains and the Rocky Mountains [34] and this topic requires additional research.
Our assessment of changes in δ 2 H f with ordinal date suggests that individuals migrating through our study site undergo a leapfrog pattern of migration whereby individuals from farther north arrive at stopovers before birds from more southern breeding areas. This result indicated origins from within their respective range likely from areas closest to our study site in far northeastern Saskatchewan or northwest Manitoba ( Figure 4G ). When the assignments were allowed to have birds originating also from the western boreal range, the areas with the highest probability of origin were in the northern boreal forest in Northwest Territories and Yukon ( Figure 4H) .
Assignments of early vs. late arriving individuals from the western boreal population exhibited substantial differences in origins of those birds. These depictions suggested that the areas with the highest probability of origin for birds from the western boreal population arriving earlier were west and north of our study area in the foothills and mountains of Alberta and British Columbia and across much of the southern boreal forest throughout much of Alberta ( Figure 5A ). Central Alaska was also determined to be an area of potentially high probability of origin with much of the range within the western boreal population range having moderate probability. Later arriving individuals appeared to derive mostly from an area extending north and west from our study site from southern Alberta to central and southern British Columbia ( Figure 5B ). Visual examination of differences between scaled (0 to 1) assignment rasters of early vs. late arriving birds indicated large areas without spatial overlap in potential origins (blue and brown in Figure 5C ) and smaller areas with overlap in origins (yellow in Figure 5C ). Areas with high overlapping origins were west of the study site through the Rocky Mountains and scattered areas west through central British Columbia, through central Alaska and in parts of eastern Alaska, northern British Columbia and southern Yukon and Northwest Territories.
Discussion
Our combined genetic, isotopic and band recovery vector analysis of Wilson's Warblers migrating through a site in southwestern Canada during fall indicated that the majority of individuals originated from the western boreal population with a few individuals potentially deriving from the Pacific Northwest, Rocky Mountain and eastern boreal populations. The location of our study site is generally south of the western boreal population's range and therefore should preclude individuals from most other populations during migration, a result that is not surprising. The genetic analysis revealed that the three birds from the eastern boreal had 100% probabilities of being from that population indicating that some individuals may use a western migration route to reach their wintering grounds. However, geographic delineation agrees with studies from other parts of this species' range that showed a similar behavior [20, 21] . This pattern was consistent across years; however, peaks in abundance were slightly different between 2004 and 2008 compared to 2015 suggesting that migratory phenology may vary in this species. Depictions of early vs. late arriving Wilson's Warblers from the western boreal population in 2015 using δ 2 H f also indicate that areas farther north are likely origins for earlier arriving individuals if Alaskan parts of the range are excluded. The depiction of differences in origins of early vs. late arriving birds further supported the result that those groups derived from different areas with some overlap in the southern and far western part of its range. The assignment to origins of Wilson's Warblers caught at our study site in 2015 indicates that high numbers of birds were likely from similar areas as those captured in 2004 and 2008. Our assignment to origins suggests that Alaska is a potential part of the catchment area for our study site during fall migration, which is likely a consequence of similarities in the pattern of the underlying precipitation isoscape. However, we expect that birds from the extreme northwestern part of their range may use a migration route west of the Rocky Mountains through British Columbia and California en route to their wintering grounds.
We provide an example of combining multiple approaches to determining connectivity and catchment areas for bird species too small to carry tracking devices (e.g. geolocators). Although the genetic analysis was useful for distinguishing individuals among some populations migrating through our study site, those groupings alone provide limited information beyond large geographic regions of origin particularly for the western and eastern boreal populations. Additional research to define the geographic delineation between western and eastern boreal breeding populations or areas of intergrade would be useful in studies on migratory connectivity of Wilson's Warblers [8, 16] . Using stable isotopes in addition to genetics allowed us to provide further refinement of potential catchment areas within the ranges of Wilson's Warbler populations [8] . For species with ranges that span broad longitudinal gradients, combining several methods can help increase precision of likely areas of origin. However, an approach similar to ours requires a relatively detailed understanding of baseline genetic structure across a species' range to which birds can be assigned. In our case, genetic evaluation allowed us to rule out potential origins south of our study site that may have also been at higher altitude (Hobson et al. 2015) .
Banding and morphometric (e.g. wing length) measurements, other isotope measurements (e.g. d 13 C) and trace elements are also potentially useful for inclusion in probabilistic assignments or in restricting potential regions of origin. However, use of such data requires sufficient recapture data of banded birds to understand movement vectors or having baseline data on spatial structure of morphometrics or other elements [14, [35] [36] [37] . Pre-molt movements of Wilson's Warblers may skew results for some individuals particularly where there is the possibility of birds undertaking a latitudinal migration. For example, precipitation δ 2 H gradients may vary drastically over short distances which could influence δ 2 H f values if these movements are associated with molt [38] .
The relatively recent emphasis that the regulation of migratory wildlife populations can be influenced by factors occurring during various parts of the annual cycle has shifted the focus of research to include the non-breeding season [39, 40] . For many North American avian migrants, the distribution of their breeding ranges across vast areas of the continent necessitates the use of innovative tools to elucidate spatial linkages of populations between the breeding and non-breeding seasons. Knowledge of catchment areas of these species caught at individual stopover sites can be used to link broad-scale causes of population change (e.g. climate, landscape change) for specific portions of their breeding or wintering grounds, particularly in regions with relatively little data otherwise (e.g. boreal forest). For instance, work using intrinsic markers has identified disjunct wintering grounds associated with populations of some bird species with differing population trajectories [41, 42] potentially increasing our understanding of factors contributing to population trends and priorities for future research and conservation. Combining multiple methods to investigate connectivity of migratory populations will be an important tool in advancing our understanding of population regulation. However, few studies have examined causal factors that may vary in type and magnitude which may influence population trajectories across different catchment areas. A movement toward this type of research with the application of methods such as ours will be important for the conservation of migrant bird populations.
